Endoplasmic reticulum (ER) stress plays a major role in the pathogenesis of diabetes by inducing b-cell apoptosis in the islets of Langerhans. In this study, we show that the transcription factor CHOP, which is instrumental for the induction of ER-stress-associated apoptosis and the pancreatic dysfunction in diabetes, regulates the expression of P21 (WAF1), a cell cycle regulator with anti-apoptotic activity that promotes cell survival. Deficiency of P21 sensitizes pancreatic b-cells to glucotoxicity, while in mice genetic ablation of P21 accelerates experimental diet-induced diabetes, results indicative of a protective role for P21 in the development of the disease. Conversely, pharmacological stimulation of P21 expression by nutlin-3a, an inhibitor of P53-MDM2 interaction, restores pancreatic function and facilitates glucose homeostasis. These findings indicate that P21 acts as an inhibitor of ER-stress-associated tissue damage and that stimulation of P21 activity can be beneficial for the management of diabetes and probably of other conditions in which ER-stress-associated death is undesirable.
Introduction
The accumulation of unfolded and misfolded proteins in the endoplasmic reticulum (ER) causes stress which is toxic to the cells and may compromise normal tissue function (Ron & Walter 2011) . Cells respond to ER stress by initiating a biochemical response that is designated as the unfolded protein response (UPR). UPR at its early stages or during mild ER stress is pro-survival and adaptive, aiming to restore cellular homeostasis through mechanisms involving elevated chaperone production and inhibition of protein translation (Ron & Walter 2011) . However, when cellular homeostasis is not restored, such as when ER stress is excessive or intensive, UPR becomes the execution of ER-stress-associated apoptosis (Zinszner et al. 1998 , Oyadomari & Mori 2004 , Puthalakath et al. 2007 ). In the context of diabetes, genetic ablation of CHOP results in resistance to the disease through molecular mechanisms associated with the promotion of b-cell survival in pancreatic Langerhans' islets, an observation that underlines the significance of CHOP-induced apoptosis in the pathogenesis of diabetes (Oyadomari et al. 2002 , Ron 2002 .
While the mechanisms governing ER-stress-associated apoptosis have been extensively studied, the transition from the adaptive to the pro-apoptotic function of the UPR remains poorly understood. Results from recent studies have provided evidence that the expression of P21 exhibits an inverse correlation with ER-stress induction and CHOP expression ). This result is indicative of a role for this cell cycle regulator in the commitment of the UPR to the adaptive or the proapoptotic program that follows ER stress , Yi et al. 2012 , Mlynarczyk & Fåhraeus 2014 . P21 is a cell cycle regulator that in addition to the inhibition of cell cycle progression also exhibits strong anti-apoptotic activities that can affect the decision about life or death of a cell under conditions associated with genotoxic stress (Blagosklonny 2002 , Roninson 2002 , Weiss 2003 , Trimis et al. 2008 . In this study, we examined the mechanism through which P21 levels are regulated during ER stress, and explored the biological relevance of our findings in the context of diabetes.
Materials and methods

Cell culture and transfections
HIT-T15 cells (a hamster pancreatic islet b-cell line) were acquired from the American Type Culture Collection (ATCC, Manassas, VA, USA). HIT-T15 cells were cultured with Ham's F12K (Kaighn's) medium supplemented with 10% horse serum (ATCC) and 2.5% fetal bovine serum and penicillin/streptomycin at 37 8C in a humidified atmosphere of 5% CO 2 95% air. The passage range of the HIT cells used was 61-70. Before experiments were performed, the culture medium of HIT-T15 cells was replaced with extracellular Krebs-Ringer (KR) solution (Sigma-Aldrich).
HIT-T15 cells were transfected by using Thermo Scientific (Waltham, MA, USA) TurboFect Transfection Reagent. Tunicamycin (Tun), doxorubicin (DOX), and nutlin-3a (Nu) were obtained from Sigma-Aldrich and treatment conditions are described in the 'Results' section and in the corresponding figure legends.
Western blot assays
Whole cells, islets, and tissue lysates were prepared in RIPA buffer (Sigma-Aldrich) and were subjected to immunoblot analysis by standard methods. The primary antibodies used were GADD153 (F-168), sc-575 from Santa Cruz Biotechnology (1:50); P53 (C-19), sc-1311 from Santa Cruz Biotechnology (1:500); P21 (F-5), sc-6246 from Santa Cruz Biotechnology (1:200); actin, clone C4 MAB1501 from Millipore (Billerica, MA, USA) (1:2000); BiP antibody (cat. no. 3183) from Cell Signaling (Danvers, MA, USA) (1:1000); GRP94 antibody (H-212), sc-11402 from Santa Cruz Biotechnology (1:500); insulin rabbit polyclonal H-86, sc-9168 from Santa Cruz Biotechnology (1:500).
Islet isolation and determination of islet viability
Pancreatic islets were manually isolated from female C57BL/6 and P21KO mice by the collagenase digestion method (Sigma-Aldrich; Li et al. 2009 ). The viability of the islets was determined using the colorimetric (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay using the CellTiter 96 Non-radioactive Cell Proliferation Assay Kit (Promega; Janson et al. 1996) .
P21
Cip1 reporter plasmids and luciferase activity assays A 0.7 kb fragment spanning the CCAAT site at K683 bp upstream of the translation initiation site of the P21 gene was PCR-amplified from normal mouse genomic DNA with primers 5 0 -GGGGTACCCCGCATGTGACAAT CAACTT -3 0 and 5 0 -CCGCTCGAGCGGGACACATTTCCCCACGAAGT-3 0 and cloned into pGL3 Basic (Promega) luciferase reporter plasmid. Reporter assays were performed using the Dualluciferase Reporter Assay System Firefly and Renilla Luciferase Assay Kit (Biotium, Hayward, CA, USA; cat. no. 30003-1) at 24 h after transfection, according to the manufacturer's protocol. The results were normalized by performing co-transfection with a plasmid constitutively expressing Renilla luciferase. The results indicated are expressed in relative luciferase units and are representative of at least three independent experiments carried out in triplicates, with S.D.s between experiments shown in the form of error bars.
Clonogenic survival assay
After cells were cultured in media with normal and high (25 mM) levels of glucose for 24 h, were trypsinized, washed, diluted 1/10, and seeded into 100 mm dishes in media. The cells were grown for 2-3 weeks and colonies were fixed with methanol:acetic acid (3:1) and stained with hematoxylin (10% Mayer's hematoxylin), and counted. At least three different experiments were carried out in triplicate for each cell line.
Measurements of caspase activity
About 100 islets of similar size were washed in RPMI-1640 medium with 10% FCS and pre-incubated in basal glucose (3.3 mM) for 1 h at 37 8C in KR bicarbonate HEPES buffer containing 129 mM NaCl, 5 mM NaHCO 3 , 4.8 mM KCl, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 1.0 mM CaCl 2 , and 10 mM HEPES at pH 7.4, plus 0.1% RIA-grade BSA (Sigma-Aldrich). After this static incubation, a stimulatory incubation was performed using media with high levels of glucose (25 mM) for 24 h. The supernatants were collected for caspase assays. The caspase assays were performed using a Caspase Colorimetric Protease Assay KHZ1001 (Invitrogen) according to the manufacturer's protocol.
Determination of insulin secretion
Blood samples (1 ml) were collected in 1.5 ml EDTA-coated Eppendorf tubes, centrifuged at 1200-1500 g, 4 8C for 10 min. The supernatant (serum) was transferred into 1.5 ml Eppendorf tubes and stored at K80 8C for insulin analysis. Serum insulin levels were determined using the Ultra Sensitive Mouse Insulin ELISA Kit (Crystal Chem, Inc., Downers Grove, IL, USA) in accordance with the manufacturer's guidelines.
Histological analysis and immunohistochemistry
Tissue samples were fixed at 4% buffered formalin, embedded in paraffin wax, cut into 4 mm sections, and stained with hematoxylin and eosin. Insulin was detected with rabbit polyclonal antibody H-86 (Santa Cruz Biotechnology, SC-9168; dilution 1:50) using a SuperPicture Polymer Detection Kit (Life Technologies). The islet area was evaluated in insulin-stained sections of the pancreas from at least three mice per genotype per treatment by using the ImageJ Software (NIH, Bethesda, MD, USA). Data are mean valuesGS.E.M. of three mice per genotype per treatment.
Determination of glucose level and intraperitoneal insulin tolerance test
The glucose levels of mice were measured using an Accu-Chek Active Meter (Roche) with blood sample obtained from the tail vein after 6-h fasting. For glucose tolerance, mice received i.p. injections of 2 g glucose/kg body weight (BW). The blood samples were taken from tail vein. For the insulin resistance test, mice received i.p. injections of human insulin (0.75 U/kg BW; Sigma-Aldrich) and blood glucose was measured.
Mouse strains
Mice were originally obtained from The Jackson Laboratory (Bar Harbor, ME, USA). All mice were housed under specific-pathogen-free conditions, according to Animal Facilities recommendations. The first group of C57Bl/6 mice and P21-knockout mice, 4-5 weeks old, were provided with either a solution of 10% sucrose and a diet containing 40% kcal as a high-fat diet (HFD; Open Source Diets (New Brunswick, NJ, USA) D12451, 40% calories/fat) with free access to (10%) sweetened water (sucrose) or a standard chow diet containing 10% of kcal as fat (low-fat diet) and drinking water with no added sucrose (control). The second group of C57Bl/6 mice of 4-5 weeks old became diabetic as a result of standard administration of a combination of a low-dose of streptozotocin (STZ), 50 mg/kg daily, prepared freshly in 0.1 mol/l citrate buffer, pH 4.0, for 5 consecutive days i.p. and a HFD.
Statistical analysis
All data were analyzed by Student's t-test and results were considered to be significant if P!0.05.
Results
P21 expression inversely correlates with UPR induction during glucose-associated ER stress in b-cells
Earlier observations at our laboratory indicated that pharmacological induction of ER stress, by the inhibitor of protein glycosylation Tun, is associated with a progressive suppression of P21 expression . In order to test the relevance of this observation to pancreatic b-cell physiology, we investigated whether ER stress triggered by abnormal glucose levels in the culture media also affects the P21 levels in b-cells. Both high (glucotoxicity) and low (deprivation) glucose concentrations are established activators of the UPR in cells exposed to these conditions (Xu et al. 2005 , Fonseca et al. 2011 , Moore et al. 2011 , Palorini et al. 2013 . Indeed, culture of pancreatic Syrian hamster-derived HIT-T15 insulinoma cells with low or high concentrations of glucose inhibited P21 expression (Fig. 1A) . Under these conditions, the induction of ER stress was confirmed by the increased stimulation of the expression of the chaperones GRP94 and BiP during the UPR (Fig. 1A) . Furthermore, we noted that Nu activates P21 expression by a P53-dependent mechanism (el-Deiry et al. 1993 , Vassilev et al. 2004 ) that effectively relieved cells from ER stress, as evidenced by the inhibition of BiP and CHOP expression during Nu treatment of cells cultured in high-glucose media (Fig. 1B) . Similar effects were observed in primary pancreatic islets subjected to glucose deprivation or glucotoxicity. However, as soon as primary islets are adapted to in vitro culture P21 is transiently upregulated, which may exaggerate the subsequent reduction in P21 expression (not shown).
Transcriptional regulation of P21 during ER stress
The concomitant suppression of P21 and stimulation of CHOP, BiP, and GRP94 in HIT-T15 cells under culture conditions with aberrant glucose levels prompted us to propose the hypothesis that P21 is regulated during UPR at the level of transcription. To test this hypothesis, a luciferase-based reporter construct incorporating the P21 promoter was generated and tested for its activity in HIT-T15 cells exposed for 16 h to increasing amounts of Tun. As shown in Fig. 2A , a transient increase in the levels of P21 promoter activity was initially observed when Tun was added at a dose of 0.1 mg/ml, followed by a progressive dosedependent inhibition at higher concentrations, and became maximal when Tun was added at 5 mg/ml. Under these conditions, a moderate stimulation of CHOP expression was recorded at concentrations between 0.1 and 1 mg/ml that became maximal at higher concentrations of 2-5 mg/ml (Fig. 2B ). These observations indicate that moderate induction of ER stress stimulates-whereas intense ER stress suppresses P21 expression at the level of transcription.
CHOP competes with C/EBPa to regulate P21 transcription
The transcription factor CHOP is regulated by ER stress and its expression is linked to the induction of the proapoptotic program of the UPR (Ron & Habener 1992 , Marciniak et al. 2004 . Thus, CHOP appears to be a good candidate for contributing to the transcriptional regulation of P21 during ER stress. Exogenous CHOP expression that inhibited the activity of the P21 promoter in HIT-T15 cells is indicted in Fig. 2C . Furthermore, as the inhibitory effect of CHOP on gene transcription is at least in part due to competition with C/EBP family members for promoter binding (Ron & Habener 1992 , Marciniak et al. 2004 , it is conceivable that the latter stimulate P21 transcription by binding to CCAAT regulatory elements and are displaced by CHOP during ER stress. Indeed, both C/EBPa and C/EBPb have been previously reported to stimulate the transcription of P21 (Timchenko et al. 1996 , Chinery et al. 1997 , Cram et al. 1998 . In a result consistent with this notion, increasing amounts of CHOP dosedependently inhibited C/EBPa-induced stimulation of luciferase activity in HIT-T15 cells (Fig. 2C , lower panel), while increasing amounts of C/EBPa abrogated the inhibitory effects of CHOP (Fig. 2C , upper panel).
P21 regulates the severity of glucotoxicity in vitro
P21 produces strong pro-survival activity that has been studied primarily in the context of carcinogenesis and chemotherapeutic drug efficacy. In order to test whether these protective effects of P21 are also produced during glucotoxicity, pancreatic islets were isolated from WT and P21-deficient mice (Brugarolas et al. 1995) and their survival was assessed after culturing them in media containing increased amounts of glucose. While no gross morphological differences were noted between WT and (A) Western blot analysis for GRP94, BiP, CHOP, and P21 in HIT-T15 (Syrian hamster islet cells) cultured in glucose-deprived or high-glucose media (25 mM) for the indicated periods. Both high and low levels of glucose induced the expression of the glucose-regulated proteins (GRPs), major ER stress-inducible chaperones BiP and GRP94, and induced the pro-apoptotic factor CHOP and the concomitant suppression of P21. (B) Effects of nutlin3a (Nu, 10 mM), added in high-glucose media, on P21, CHOP, and BiP expression levels. In this experiment, HIT-T15 cells were cultured for 48 h in media containing 25 mM glucose and supplemented with Nu for the indicated times before protein extraction. (Fig. 2D) , the latter exhibited significantly reduced cell viability as compared with their WT counterparts when cultured in media containing high levels of glucose (Fig. 2D) . It is noteworthy that despite the increased sensitivity of P21KO islets to glucotoxicity, their isolation was more efficient than that of the controls (results not shown), probably because P21-regulated cell cycle arrest has been compromised in the P21-deficient islets permitting bypass of the cell-cycle checkpoints that occur during growth of primary cells in culture. Consistent with their reduced viability, an overall increase in caspase activation was noted for several caspases in P21KO islets following culture in high-glucose media, with the differences in activation for caspases 2 and 8 reaching statistical significance compared with activation in WT controls (P!0.05; Fig. 2E ). Similar observations were also made when the clonogenic efficiency of WT and P21KO primary mouse embryonic fibroblasts (MEFs) was evaluated in high-glucose media: P21KO fibroblasts exhibited significantly reduced clonogenic activity, less than 50% of the activity of controls (Fig. 2F ).
P21-deficient islets
P21 protects from diet-induced type 2 diabetes
In view of the anti-apoptotic activity of P21 in the context of tumorigenesis and our observations regarding its protective effect against glucotoxicity in HIT-T15 cells and pancreatic islets, the reduction in P21 expression during the most advanced stages of ER stress indicates that ablation of P21 may modulate the manifestation of pathologies associated with ER stress. Such condition is exemplified by type 2 diabetes (T2D) in which pancreatic b-cell death is induced by ER stress augmenting pancreatic dysfunction (Papa 2012) . In order to test this hypothesis, P21-deficient mice (Brugarolas et al. 1995) and WT controls were fed with HFD/sucrose-sweetened drinking water, and blood glucose levels were monitored. This diet mimics the conditions that cause obesity and predisposition to T2D in humans by mechanisms engaging induction of ER stress (Kahn et al. 2006 , Scheuner & Kaufman 2008 , Islam & Loots 2009 , Papa 2012 . As shown in Fig. 3A , ablation of P21 rendered mice more sensitive to experimental diabetes as evidenced by the elevated blood glucose levels recorded. Furthermore, P21-deficient mice exhibited a delayed response in glucose homeostasis as indicated by the results of glucose tolerance tests (Fig. 3B , top panel). Moderate insulin sensitivity was retained in the P21KO mice, but glucose levels did not reach normal levels, as opposed to the WT mice, which showed transient increases in glucose levels after administration of insulin (Fig. 3B, lower panel) . Thus, P21 ablation renders animals more sensitive to diet-induced diabetes. Consistent with the compromised glucose homeostasis were the insulin levels in the pancreatic islets, which were decreased in the P21-deficient mice as compared with the controls following induction of experimental T2D ( Fig. 3C and D) .
Nu is beneficial for the management of experimental diabetes in mice
As P21 ablation increase sensitivity to diabetes, we proposed the hypothesis that pharmacological stimulation of P21 expression may be beneficial during disease development as it could restore b-cell survival, insulin production, and pancreatic function. In order to test this hypothesis, we utilized Nu, a small-molecule inhibitor of P53-MDM2 interaction that stimulates P21 expression, to treat diabetic mice. As shown in Fig. 4A , Nu acutely stimulated P21 expression in vivo at levels similar to those for DOX, a standard stimulator of P21 expression that operates by P53-dependent mechanisms. After administration of Nu in diabetic mice, P21 levels also increased, validating the P21-induced activity of Nu in the context of diabetes (Fig. 4B ). As shown in Fig. 4C , D and E, administration of Nu effectively restored glucose homeostasis and improved pancreatic morphology, indicating that stimulation of P21 expression is beneficial for the management of diabetes. Importantly, only P21-positive mice, but not P21-deficient mice, were sensitive to the therapeutic effects of Nu, ruling out the possibility that this anti-diabetic activity of Nu represents a P21-independent effect of P53 (Fig. 4C, D and E). Measurement of fasting insulin in the serum of HFD-sucrose fed animals indicated a progressive increase in baseline insulin levels in both WT and P21KO mice, with values for the WT being almost 1.5-fold those of the P21KO (336G11 vs 217G11 pg/ml), and for plasma glucose were in the range of around 200 mg/dl for both (Fig. 4C) . In the P21KO mice, despite the Nu treatment, plasma insulin decreased considerably after continuous administration of the HFD-sucrose regime, but only moderately decreased in the WT mice (Fig. 4C) .
Subsequently, we investigated whether this protective activity of Nu is also operative in another model of diabetes, specifically that induced by the administration of STZ followed by HFD. In this model of experimental diabetes, a considerable fraction of the pancreatic b-cells is damaged by the STZ-increased load of insulin production to the remaining surviving islets, ultimately causing ER stress, pancreatic dysfunction, and development of diabetes. In these animals, initially an increase in the levels of plasma insulin is observed for as long as the islets maintain their capacity to produce insulin, that is followed by a progressive decrease when their insulin-producing capacity is abolished (Fig. 5A) . A group of the animals that received STZ/HFD, after induction of diabetes had been confirmed by glucose measurements on fasted animals, received Nu, which stimulated the levels of P21 in the pancreas (Fig. 5B) . As shown in Fig. 5A , daily administration of Nu was sufficient to restore pancreatic function and insulin production and to reduce the plasma glucose levels in the diabetic mice. The results of glucose tolerance tests on these animals indicated that Nu treatment had restored glucose regulation (Fig. 5C ). Histological analyses of the pancreata of the experimental animals indicated that diabetic mice that received vehicle exhibited reduced numbers of largely hypoplastic islets and animals that had been treated with Nu displayed a higher number of islets that were frequently hyperplastic ( Fig. 5D and E) . Furthermore, insulin expression in islets ( Fig. 5D and F) and serum insulin levels (Fig. 5A) were compromised in the controls as compared with the nutlinreceiving animals. Results presented in Figure 5G , are indicative of moderate suppression of P21 levels and the induction of ER stress-associated chaperones CHOP and BiP in the pancreata of both models of diabetic animals.
Discussion
Understanding how UPR progresses from the adaptive mode toward the pro-apoptotic mode of action may have important implications for understanding the development of various pathologies, including diabetes. In this study, we have shown that during ER stress, P21 is regulated by the transcription factor CHOP. According to our findings, P21 promotes the adaptive function of the UPR, while its suppression by CHOP appears to be permissive of the execution of its pro-apoptotic activity. In order to exclude the direct contribution of P53 to P21 regulation, we utilized a promoter fragment that did not contain the P53 consensus binding site. Thus, the recorded P21 suppression appears to be independent of P53 because the P53 binding site was not included in the promoter constructs utilized. At least in part, the inhibitory activity of CHOP on P21 during advanced ER stress may operate by competition with members of the C/EBP family of transcription factors. Not surprisingly, during mild ER stress at low doses of Tun, P21 promoter activity was modestly stimulated. This is consistent with the direct, stimulatory effects of CHOP on gene transcription (Ubeda et al. 1996) . In the pancreata of STZ-HFD and especially of HFD-sucrose diabetic mice, P21 levels were also suppressed (Fig. 5G) . Considering that islets represent only a fraction of the pancreatic cells, a more widespread inhibition of P21 expression in various pancreatic cell populations is likely.
The effect of ER stress on the expression of P21 is not b-cell-specific, but rather global, as it operates in various cell types and may represent a promising chemosensitizing strategy for cancer management (Mihaildou, et al. 2015) . Recently, inhibition of P21 by P53/47 during ER stress has also been discovered and proposed for lowering the apoptotic threshold of cells to genotoxic drugs. Consistent with these findings, earlier observations involving WT and P53-deficient mice and cells revealed a remarkable sensitivity to ER-stress-inducing stimuli in the Nutlin-3a (Nu) is beneficial in HFD/sucrose-induced diabetes in mice. (A) P53 and P21 expression in pancreas of WT mice following the administration of Nu and DOX by i.p. injection at the indicated doses. Treatment periods are indicated. Actin was used as a loading control. (B) P21 expression in the pancreas of diabetic mice (HFD and sucrose constantly in drinking water) that received nutlin or vehicle. Actin was used as a loading control. (C) Administration of Nu restores glucose homeostasis in WT, but not in P21KO mice. In this experiment WT and P21KO mice were administered HFD/sucrose as described and as soon as blood glucose levels exceeded 180 mg/dl they received Nu (five i.p. daily injections at 4 mg/kg) and blood glucose levels were monitored. The dagger indicates the time point at which four out of six P21KO mice died during the course of this experiment. Fasting insulin serum measurements are shown in pg/ml for the P21KO (red) and WT (blue) animals. Average valuesGS.E.M. are shown. *P!0.05 (Student's t-test). (D) Diagrammatic presentation of the percentage islet area in the pancreas of WT (blue) and P21KO (red) control (Ctr, nondiabetic), diet-induced diabetic (HFDSUC), and HFDSUC mice receiving nutlin. Average values expressed as percentage islet area relative to that for controlsGS.E.M. are shown. *P!0.05 (Student's t-test). (E) Histology of pancreata from WT and P21KO animals following induction of T2D and after Nu therapy. Nu treatment considerably improves pancreatic morphology in the WT mice as evidenced by the increase in the abundance of islets (arrows). Magnification: 10!.
absence of P53 (Dioufa et al. 2012) . Furthermore, ER-stressrelated pro-apoptotic activity may contribute to the increased sensitivity of P53-deficient cells to DNAdemethylating agents (Leonova et al. 2013) . The fact that nutlin was able to blunt the induction of ER stress induced by high levels of glucose indicates that P53/P21 activity may not only be targeted by-but also operate as a regulator of ER stress.
In the context of b-cell physiology, this ER-stressrelated suppression of P21 was observed during culture of b-cells and islets under high-or low-glucose conditions. Albeit operating by different mechanisms, both glucose deprivation and high levels of glucose induce ER stress. The first by interfering with protein glycosylation; while the second by triggering overstimulation of the secretory pathway for insulin production. This inhibition of P21 expression facilitates ER-stress-associated death as indicated by the reduced survival and increased caspase activation of the islets that had been isolated from P21-deficient animals during culture in media containing high Endocrine-Related Cancer levels of glucose. Notably, although increased activity was detected in all five caspases evaluated in P21-deficient islets as compared with control islets, statistically significant differences were observed only for caspases 2 and 8, probably implying specificity of the anti-apoptotic activity of P21. In particular, caspase 2 has been identified previously as a target of P21 (Baptiste-Okoh et al. 2008) . Furthermore, a specific role for caspase 8 in the regulation of b-cell mass and insulin secretion, both of which are affected by P21 in the experimental models described in this study, has been proposed (Liadis et al. 2007) . Similar pro-survival activity was observed in fibroblasts as well, notwithstanding that protection from oxidative stress and mitochondrial dysfunction may represent the underlying mechanism in the fibroblasts (Russell et al. 2002) . The protective activity against glucotoxicity of P21 on b-cells and islets prompted us to further explore our findings in the context of diabetes, in at which ER stress-associated death facilitates pancreatic dysfunction and disease pathogenesis. The latter is clearly illustrated by the resistance of Chop-deficient mice to experimental diabetes, which is due to decreased b-cell death (Oyadomari et al. 2002) . The role of P21 in promoting the adaptive activity of the UPR was initially manifested in the increased sensitivity of the P21-deficient mice to diet-induced diabetes, as compared with the WT controls (Fig. 3) . When fed a regular diet and without the induction of diabetes, P21-null mice exhibit no evidence of diabetes and display a metabolic profile that is indistinguishable from that of their WT counterparts, confirming earlier observations (Cozar-Castellano et al. 2006) . It is noteworthy though that in this study a trend, albeit insignificant, towards reduced islet numbers in the older P21-deficient animals was recorded (Secchiero et al. 2013) . Consistent with this notion, the baseline insulin levels were moderately reduced in the P21KO mice as compared with their WT counterparts (Fig. 4C) .
After prolonged administration of a diabetes-inducing diet, that causes ER stress and eventually promotes pancreatic dysfunction, P21 deficiency facilitates b-cell loss and the onset of diabetes. This role of P21 in modulating the outcome of the UPR is also exemplified by the observation that stimulation of P21 expression by Nu, a small-molecule activator of P53 that stimulates P21 expression, appears beneficial for the management of diabetes, as indicated by the restoration of pancreatic function in diabetic mice that have received Nu. In this model of diabetes, insulin levels initially increase and subsequently decrease, probably marking the progression of diabetes from being an insulin-dependent to an insulinindependent disease (Fig. 4C) . Nu treatment of the WT animals, but not the P21-deficient animals, restored insulin levels, reflecting the presence of functional islets in the WT but not the P21KO mice. Also consistent with the restoration of pancreatic function was the increase in the area of pancreas occupied by islets following Nu administration in the WT but not the P21-deficient animals (Fig. 4D ). This resistance of P21-deficient animals to the therapeutic activity of Nu rules out the possibility of this reflecting activity that is P53-dependent but P21-independent. Similar protective activity was also revealed in another model of diabetes, induced by STZ combined with HFD. Nu administration restored islet area in the pancreas, as well as blood glucose and insulin levels.
Our findings, albeit by a different mechanism, are consistent with recent results, indicating that Nu treatment concomitant with STZ administration inhibits diabetes (Secchiero et al. 2013 Figure 6 Diagrammatic depiction of the protective role of P21 in diabetes. Prodiabetic factors such as high-fat and high-calorie diet induce ER stress that suppresses P21 by mechanisms that involve CHOP. This CHOPdependent suppression of P21 ultimately compromises pancreatic function and facilitates the development of diabetes. Pharmacological stimulation of P21 with nutlin-3a facilitates b-cell survival and pancreatic function and is beneficial for the management of diabetes. The presumed CHOPindependent stimulation of P21 expression during ER stress, that may be P53-dependent, is also indicated.
expression of P21 in the islet cells of transgenic mice causes increased pancreatic cell regeneration following STZ administration (Yang et al. 2009 ). While in this study, we focused on the role of P21 in b-cell survival, additional in addition mechanisms through which P21 interferes with glucose homeostasis may also operate. Indeed, P21 may directly regulate insulin expression, as indicated by the increased anti-insulin immunoreactivity in the islets of mice that received nutlin. Furthermore, marginally reduced levels of plasma insulin were measured in P21-deficient animals -both diabetic and control, despite that the overall area of islets in the pancreas was modestly increased in these animals. Thus, the role of P21 during diabetes may not be limited to the regulation of b-cell survival.
Collectively, we identified P21 as a target of CHOP transcription factor (Fig. 6) . Our results indicate that, in the context of diabetes, the expression of P21 inhibits pancreatic dysfunction and that interference with P21 activity during ER stress may be beneficial in diabetes and other conditions in which modulation of sensitivity of cells to ER-stress-associated apoptosis is desired.
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